Singlet oxygen generated in a reaction between N-bromosuccinimide and hydrogen peroxide was used for the chemiluminescence oxidation of imipramine. A strong chemiluminescence signal was observed when imipramine was mixed with N-bromosuccinimide and hydrogen peroxide under an alkaline condition. The chemiluminescence signal was linearly dependent on the concentration of imipramine in the range of 0.01 -1.0 mg/L. The detection limit was 0.005 mg/L imipramine and the relative standard deviation was 1.5% for a 0.4 mg/L imipramine solution in 11 repeated measurements. The proposed method was successfully applied to the determination of imipramine in tablets, human plasma and urine samples.
Imipramine (10,11-dihydro-N,N-dimethyl-5H-dibenz[b,f]-azepine-5-propanamine), a tricyclic antidepressant, is one of the most commonly prescribed drugs for the treatment of psychiatric patients suffering from various forms of depression. 1 Various analytical methods have been reported for the determination of imipramine, including spectrophotometry, 2,3 spectrofluorometry, 4,5 conductometry, 6 liquid chromatography (LC), 7, 8 capillary electrophoresis (CE) 9, 10 and chemiluminescence (CL). [11] [12] [13] [14] Paz and Townshend 11 reported a simple flow-injection CL method for the determination of imipramine based on oxidation of the drug by acidic KMnO4. The detection limit of the method was 15.8 mg/L imipramine. The method was further developed by Xue et al. 12 by using glyoxal as an enhancer; a detection limit of 0.012 mg/L imipramine was achieved. Yoshida et al. 13, 14 developed a very sensitive liquid-chromatographic method for the determination of imipramine by using a tris(2,2′-bipyridyl)-ruthenium(III) (Ru(bipy)3 3+ ) CL reaction as the postcolumn detection system. The detection limit for imipramine was 0.77 μg/L.
Reactive oxygen species, such as singlet oxygen, hydroxyl radical and superoxide, have attracted attention in many research fields due to their high reactivity. 15 These species have been frequently suggested as reaction intermediates in many CL reactions, and play important role in these reactions. [16] [17] [18] However, there have only been a few papers concerning these species as the CL oxidant intentionally. [19] [20] [21] They were based on photochemical reactions of dioxetanes, 19 or chemical reactions of molybdate-hydrogen peroxide 20 and acetonitrile-hydrogen peroxide. 21 It was reported that singlet oxygen could be generated in the reaction between N-bromosuccinimide and hydrogen peroxide. 22 We here found that singlet oxygen generated in the abovementioned reaction could oxidize imipramine to produce a strong CL signal. Based on this observation, the experimental conditions affecting the CL reaction were optimized, and a new flow-injection CL method for the determination of imipramine was developed. Compared with the previously reported method for the determination of imipramine, the detection limit of the proposed method (Table 1 ) was 1 -3 orders of magnitude lower than those reported by spectrophotometry, 2,3 spectrofluorometry, 4,5 and a CL method based on KMnO4 oxidation. 11 Moreover, the instrumentation of CL was more inexpensive than that of LC 7, 8 and CE. 9, 10 The reagents used in this work were cheaper than (Ru(bipy)3 3+ . 13, 14 The proposed method was applied to the determination of imipramine in tablets, human plasma and urine samples. A possible CL reaction mechanism was also briefly discussed.
Experimental

Reagents and solutions
All of the reagents were of analytical-reagent grade, and doubly distilled water was used throughout. Imipramine was purchased from the Chinese Pharmaceutical and Biological Test Institute (Beijing, China). Other reagents were purchased from Xi'an Chemical Plant (Xi'an, China).
A 500.0 mg/L imipramine stock solution was prepared in 0.0015 mol/L hydrochloric acid. Working solutions were prepared by diluting the stock solution with the same acid. A 2 × 10 -3 mol/L N-bromosuccinimide solution was prepared in 1 × 10 -2 mol/L NaOH and used after 4 h. This solution was stable within one day. A 1 × 10 -2 mol/L hydrogen peroxide solution was freshly prepared by a dilution of 30% hydrogen peroxide with water.
High-Tech Ltd.) was used. A schematic diagram of an FI-CL system used is shown in Fig. 1 . PTFE tubing (0.8 mm i.d.) was used to connect all components in the flow system. A peristaltic pump was used to deliver all solutions; each had a flow rate of 2.1 mL/min. Sample injection was automatically operated by means of a six-way valve. The CL signal produced in the flow cell (a 1 mm × 25 cm colorless glass tubing spiraled in 3.5 turns) was measured with a CR105 photomultiplier tube (Beijing Binsong Electronic Company). CL data acquisition and treatment were performed using IFFM-D data processing software (Xi'an Remax Electronic High-Tech Ltd.).
Procedure
As shown in Fig. 1 , flow lines (a, b, and c) were inserted into an N-bromosuccinimide solution, an imipramine standard/sample solution and a hydrogen peroxide solution, respectively. Fifty microliters of imipramine standard/sample solution were first injected into hydrogen peroxide solution by means of a six-way valve, and then emerged with an N-bromosuccinimide stream to produce CL. The concentration of imipramine was quantified by the CL intensity (peak height).
Results and Discussion
CL kinetic profile of the reaction
Prior to using a flow-injection method, the CL kinetic profile of the reaction was investigated with a batch method. Into the reaction cell, 1.0 mL of a 0.4 mg/L imipramine solution and 1.0 mL of a 1 × 10 -2 mol/L H2O2 solution were added. The solution was mixed, and the cover was closed; 1.0 mL of 2 × 10 -3 mol/L NBS (containing 1 × 10 -2 mol/L NaOH) was injected to initiate the reaction. Figure 2 shows the obtained CL intensity-time profile. It was found that the rate of the present CL reaction was fast; from reagent mixing to the peak maximum, only 0.74 s was needed, and it took 8 s for the signal to decline to a base line.
Optimization of experimental conditions
It was found that a strong CL signal was generated under an alkaline condition. The effect of a NaOH concentration on the CL reaction was examined in the range of 6 × 10 -3 -3 × 10 -2 mol/L. The CL intensity increased with increasing a NaOH concentration up to 1 × 10 -2 mol/L, whereas a higher concentration of NaOH decreased the CL intensity. Therefore, 1 × 10 -2 mol/L NaOH was selected. Further experiments indicated that a stronger CL intensity and a better repeatability could be achieved when NaOH was premixed with Nbromosuccinimide. The effect of the mixed time of an Nbromosuccinimide-NaOH solution was further examined. The experiments showed that a stable CL signal was achieved when the mixed time was more than 4 h. Therefore, 4 h was selected as the optimum. This solution could be stable within 12 h. In an aqueous solution, the oxidizing property of Nbromosuccinimide was suggested to be attributed to hypobromous acid generated by hydrolysis of the Nbromosuccinimide; 23 the presence of NaOH prevented the dismutation of hypobromous acid to bromate and bromide. 24 The effect of a hydrogen peroxide concentration on the CL reaction was examined in the range of (0 -4)× 10 -2 mol/L. No CL signal was observed in the absence of hydrogen peroxide. The CL intensity was increased with increasing a hydrogen peroxide concentration up to 1 × 10 -2 mol/L. When a hydrogen peroxide concentration was higher than 1 × 10 -2 mol/L, the CL intensity gradually decreased. Therefore, 1 × 10 -2 mol/L hydrogen peroxide was employed.
The effect of an N-bromosuccinimide concentration on the CL reaction was examined in the range of (0 -8) × 10 -3 mol/L. In the absence of N-bromosuccinimide, no CL signal was observed. The CL intensity reached a maximum when an Nbromosuccinimide concentration was within 2 × 10 -3 -4 × 10 -3 mol/L. Finally, 2 × 10 -3 mol/L N-bromosuccinimide was employed.
A flow rate is an important parameter in CL flow system because it influences the time that is taken from the final reagents mixing point to the flow cell, thereby influencing the sensitivity of the method. A too low flow rate can result in the maximum emission before the flow cell, whereas a too high flow rate can cause the maximum emission after the flow cell. The effect of a flow rate on the CL reaction was examined in the range of 0.7 -3.5 mL/min. It was observed that the CL intensity increased with an increase in a flow rate within the examined range, possibly because this CL reaction was a fast process. Finally, a 2.1 mL/min of flow rate was employed by considering the sensitivity and the consumption of reagents.
Performance of the system for imipramine measurements
Under the selected experimental conditions, the CL intensity was proportional to the concentration of imipramine in the range of 0.01 -1.0 mg/L. The linear-regression equation was I = -0.65 + 2.45C (10 -2 mg/L) and the correlation coefficient was 0.9998 (n = 11). The detection limit (detection limit defined as the concentration of the analyte that produces the signal of three times the standard deviation of the blank signal, DL = 3sb/S) was 0.005 mg/L imipramine, and the relative standard deviation for 0.4 mg/L imipramine solution was 1.5% in 11 repeated measurements. A complete analysis, including sampling and injection, could be completed within 35 s, giving a sample measurement frequency of 102/h.
Interference
The effect of some foreign species on the CL determination of a 0.2 mg/L imipramine solution was studied. A foreign species was considered not to interfere if it caused a relative error of less than 5% in the determination of imipramine. The tolerable ratios were 1000-fold for Na + , K + , Ca 2+ , NO3 -, SO4 2-, Cl -, lactose, starch; 500-fold for Mg 2+ , SO3 2-; 100-fold for L-leucin, Ni 2+ , Zn 2+ , PO4 3-; 10-fold for glucose, Al 3+ and equal amount of Cu 2+ and Co 2+ .
Determination of imipramine in tablets
The proposed method was applied to the determination of imipramine in tablets. Five tablets were weighed to obtain the average tablet. They were ground to a fine powder and homogenized. A portion of a sample, equivalent to about 25 mg of imipramine, was weighed accurately and dissolved with 0.0015 mol/L of HCl. The mixture was filtered and the filtrate was diluted to 100 mL with the same acid. A 1.5 mL portion of the filtrate was diluted to 50 mL with 0.0015 mol/L of HCl, and then analyzed according to the procedure described in the Experimental section. The content of imipramine in a tablet was determined to be 24.7 mg/tablet with a relative standard deviation of 1.8% (n = 3), which agreed well with that obtained by the Chinese pharmacopoeia method (25.4 mg/tablet) by measuring the absorbance at 251 nm. 25 
Determination of imipramine in spiked human plasma and urine samples
The proposed method was applied to the determination of imipramine in spiked human plasma and urine samples. A human plasma sample was obtained from the blood bank of Shaanxi province, and a urine sample was collected from a healthy volunteer. Into 0.05 mL of human plasma, or fresh urine samples, a known amount of imipramine standard solution was added and diluted to 50 mL with 0.0015 mol/L of HCl. Then, following the procedure described in the Experimental section, the imipramine content in blood plasma and urine sample was determined by the proposed method. The results are summarized in Table 2 ; the recoveries were satisfactory.
Discussion on the possible reaction mechanism
Neither N-bromosuccinimide nor hydrogen peroxide reacted with imipramine to produce a CL signal. A strong CL signal was observed only when imipramine, N-bromosuccinimide and hydrogen peroxide were all present at the reaction. This experiment indicated that both N-bromosuccinimide and hydrogen peroxide were indispensable to the CL reaction.
Singlet oxygen was suggested to be generated in the reaction between N-bromosuccinimide and hydrogen peroxide. 22 The following experiments were performed to confirm if singlet oxygen participated in the reaction.
Firstly, when Nbromosuccinimide was replaced with sodium hypochlorite, a strong CL signal was also detected. Secondly, the effect of some scavengers of a reactive oxygen species, including dimethylfuran, sodium benzoate, mannitol, methanol and ascorbic acid, was tested on the CL reaction. The experiment indicated that only dimethylfuran remarkably influenced the CL intensity; about 90% of the CL intensity was inhibited by the addition of 0.05 mol/L dimethylfuran. It was well known that dimethylfuran was an effective scavenger for singlet oxygen. 26 Therefore, it was concluded that singlet oxygen ( 1 O2) was involved in the CL reaction.
The fluorescence spectra of imipramine and the reaction mixture of imipramine with N-bromosuccinimide and hydrogen peroxide were scanned in the range of 250 -700 nm, using a CRT 970 fluorescence spectrophotometer (Shanghai 3rd Analytical Instrumental Plant). The spectrum taken from imipramine solution had a maximum emission wavelength at 495 nm (Fig. 3, curve a) . Also for the reaction mixture, the fluorescence peak of imipramine at 495 nm vanished, and a new fluorescence peak with a maximum emission wavelength at 453 nm emerged (Fig. 3, curve b) .
The CL spectra of N-bromosuccinimide-hydrogen peroxide reaction and N-bromosuccinimide-hydrogen peroxide-imipramine reaction were examined by means of a series of interference filters. The interference filters were set between the flow cell and the photomultiplier tube. No obvious CL spectrum was obtained for the reaction of N-bromosuccinimide with hydrogen peroxide because the CL emission from this reaction was weak. Recovery, % ± SD (n = 3)
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The CL spectrum taken from N-bromosuccinimide-hydrogen peroxide-imipramine reaction had one peak band within the range of 440 -490 nm with a maximum emission wavelength around 460 nm (Fig. 4) , which coincided with the fluorescence spectrum of the reaction mixture of N-bromosuccinimidehydrogen peroxide-imipramine. Therefore, it was concluded that the emitter in N-bromosuccinimide-hydrogen peroxideimipramine was the oxidation product of imipramine. Based on the experimental facts and discussion, the following possible reaction mechanism was suggested: 
Conclusions
The CL reaction of imipramine with N-bromosuccinimide and hydrogen peroxide was investigated. The singlet oxygen generated in the N-bromosuccinimide-hydrogen peroxide reaction was suggested to be responsible for the CL reaction. The proposed method offers the advantages of sensitivity (a detection limit is 1 -3 orders lower than that of spectrophotometry 2,3 and spectrofluorometry), 4,5 rapidity (a sampling frequency of 102/h), inexpensive instrumentation and ease of automation. The proposed method has been applied to the determination of imipramine in tablets, human plasma and urine samples. 600 ANALYTICAL SCIENCES MAY 2007, VOL. 23 
